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ABSTRACT

In this study, three different shapes of ceria (CeO2) nanostructures (e.g.,
nanooctahedra, nanocubes and nanorods) were synthesized via the hydrothermal method
and screened for carbonylation reaction. Of these three shapes of nanostructures, the
nanorod was doped with metals such as Ca, Ni, Cu, and Co by wet impregnation method.
All materials were characterized by XRD, NH3/CO2-TPD, XRF, FTIR and N2 physorption
to determine the crystal size and phases, acid-base properties, metal loading, and surface
properties. The obtained materials were employed as catalysts for the activation of Carbon
Dioxide (CO2) and methanol carbonylation reaction to dimethyl carbonate (DMC) at 140
°C, 30 bars and 3 h. It was found that the shape of the nanostructured ceria has a major
effect on DMC yield with the CeO2 nanorod catalyst producing the highest DMC yield (1.6
mmol) followed by nanooctahedra (0.66 mmol) and nanocubes (0.32 mmol). All catalytic
tests showed 100 % DMC selectivity, and the trends of catalytic activity over ceria doped
metal oxide decreased in the following order: CeO2> CoO/CeO2>NiO/CeO2 >CaO/CeO2
> CuO/CeO2. The reusability of the catalyst was tested by carrying out four consecutive
cycle.
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1. INTRODUCTION

1.1. CARBON DIOXIDE EMISSION
CO2 is considered to be a major reason for climate change due to its greenhouse
characterization and continuous buildup in the atmosphere. Indeed, the major contribution
of CO2 emissions is the overuse of natural sources such as fossil fuels, cement, iron and
steel, Pulp and paper [1], [2]. Recently, the atmospheric concentration of CO2 has raised
from 280 ppm (pre-industrial period) to 387 ppm [3]. In meantime, fossil fuel represents
80 to 85 % of the total world’s energy sources; so the CO2 concentration is capable to
increase more in short or medium term. The CO2 emissions could result in natural disasters
such as earth’s heat temperature, flooding, and acid rain. These critical issues have
motivated both industrial world and scientific to develop some technologies that assist in
controlling the CO2 production [4]. Accordingly, introducing the concept of carbon dioxide
capture (CCS) and utilization (CCU) could eliminate the climate change and manage the
CO2 into the atmosphere [5]. Typically, CO2 captured from post-conversion, preconversion and oxy-fuel combustion of carbon sources which then compressed and
transferred into geological or ocean storage as its shown below in Figure 1.1 [6]. In
addition, CO2 utilization (CCU) has more attention for conversion the captured CO2 (as
renewable feedstock) into valuable compounds.
1.2. UTILIZATION OF CO2
CO2 is a C1 chemical produced abundantly as a by-product from energy production
through fossil fuel combustion and many industrial chemical processes [7]. A number of
catalytic methods have been developed to utilize and convert CO2 into useful compounds
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Figure 1.1. Processes for CO2 mitigation [12].

such as methanol, esters, polymers, formaldehyde, formic acid, carboxylic acid, imines,
ketone, oxazolidinones, salicylic acid, and urea [7]–[11]. At present, number of reactions
and processes utilizing CO2 are listed in Figure 1.2. The motivation of using CO2 in
synthesizing valuable chemicals because of interesting properties:

green, low cost,

nontoxic, non-flammable, and abundant. CO2 is thermodynamically stable and kinetically
inert, which could overcome by reacting CO2 with energy rich molecules such as amines,
epoxides and unsaturated compounds. In addition, CO2 could activated by using catalysts
and photochemical. Among those chemicals, organic carbonates are gaining more
scientific interest due to their low toxicity, biodegradability and non-corrosiveness,
Currently, The production of dimethyl carbonates (DMC) from CO2 has attracted special
attention because of its extensive applications: grean solvent, reactant, and fuel additive
[2]. This process has decreased the global warming potential by 4.3 times and ozonosphere
depletion by 13 times [12].
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Figure 1.2. CO2 utilization into fuels into chemicals [13].

1.3. DIMETHYL CARBONATE (DMC)
The chemical industrials are focusing in replacing dangerous processes or toxic
compounds by more sustainable alternative. Organic carbonates synthesis are classified as
green and sustainable replacement to unsafe chemicals due to their interest properties: low
toxic, polar, high degradability and excellent physicochemical [2]. Organic carbonates has
two class: (1) linear carbonates such as diethyl carbonate and dimethyl carbonate. (2)
Cyclic carbonates (glycerol carbonate, butylene carbonate, propylene carbonate and
ethylene carbonate). DMC

exposes in many applications such as solvent in battery

manufacturing , as a fuel additive and as a replacement to toxic, hazardous and corrosive
materials in methylation and carboxymethylation reactions [14]–[17]. The global annual
consumption of DMC is more than 90,000 tons, around 50 % of total consumption utilizes
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as a solvent in various application: inks paints, electrolyte in lithium batteries, and 25 % is
utilized in synthesizing valuable compounds such as polymer, pharmaceuticals, pesticides,
and antioxidant[18], [19].
1.4. APPLICATION OF DMC
DMC plays a critical role in chemical industrials due to its wide range of
applications, environmental friendly, and interesting physical properties. DMC is used as
a substitution to others toxic solvents and green chemical for sustainable processes. The
major utilization of DMC are as a solvent, as a reactant, and as a fuel additive. Figure 1.3
lists some of DMC applications.

Figure 1.3. Application of DMC.
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1.4.1. DMC as a Green Solvent. In meantime, chemical industries are paying
particular attention to develop a green chemical that could eliminate health and
environment issues. DMC is indicated as a replacement for dangerous volatile organic
solvents such as acetate esters or ketones. [20]. Literature reported that DMC utilized as a
co-solvent to extract the 5-hydroxyme-thylfurfural (5-HMF) from aqueous medium, which
enhanced the selectivity and yield and it also was the best among other organic carbonates
solvents: diethyl carbonate (DEC), 1, 2 propylene carbonate (1, 2-PC) and diallyl carbonate
(DAIC) [14]. Moreover, DMC as a green solvent has been proposed in extracting
polyhydroxyalkanoates (PHAs) from microbial biomass, that displayed a high polymer
recovery (>85%) and perfect purity (> 95%) [21]. “Dehydration of D-sorbitol via DMC in
the presence of catalytic amounts of base is an efficient and viable process for the
preparation of the industrially relevant anhydrous sugar isosorbide. This procedure is
“chlorine-free”, one-pot, environmental friendly and high yielding”[22]. The direct and
environmentally synthesis of N-alkyloxaziridines from N-alkylamines and aldehydes
obtained by using DMC as an ecofriendly benign solvent and oxidant. This method has
shown high yield and high purity under basic medium and it is seems to be greenness, ease
of manipulation and better cost comparing with existing methods [23].
1.4.2. DMC as Organic Building Block. DMC is used as a substitute to toxic,
hazardous and corrosive materials (dimethyl sulfate and phosgene) in methylation and
carboxymethylation reactions. Moreover, DMC takes action as a methoxycarbonylating
agent at low temperature and methylation agent at high temperature, which concluded that
DMC could be simply adjusted as reactant by manipulating the process conditions [24]. In
methylation reaction, DMC is used as feedstock in place of methyl halide, methyl sulfate
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or conventional toxic reactants. Additionally, methylation types are classified as N‐
methylation, O‐methylation and C‐methylation [2]. DMC can be employed for the
methylation of various organic compounds to produce: aromatic, phenols, thiols, amines,
aniline, and amides [25]–[27]. The annual production of polycarbonate (PC) is 170 kilotons
in the total world-wide capacity. For example, the methylation of phenol with DMC
produces the dimethyl phenol, which then reacts again with phenol to form polycarbonate
(PC) [15]. Furthermore, isocyanates are widely utilized in biomedical applications, it is
possibly formed by methoxycarbonylation of amines into carbamates with decomposition
subsequent to form isocyanates [28]. A eco-friendly and selective process for integration
the five- and six-membered cyclic carbonates by methoxycarbonylation of alcohols with
DMC has been improved in Chlorine-free medium in the existence of molecular sieves by
Pyo et al .[16]. Over and above that, DMC could be used as feedstock for another essential
process such as transesterification and esterification reactions of alcohols and carboxylic
acids in unsymmetrical carbonates synthesis [29]. Ilham et al reported that biodiesels could
be produced in two steps: hydrolysis of oils in sub-critical water followed by supercritical
DMC esterification. High yield of fatty acid methyl esters achieved at mild reaction
conditions (270 °C/27 MPa) [30]. Furthermore, tetramethoxysilane is an important
chemical in the ceramic field, it synthesized by the reaction of DMC and silica in the
presence of alkali hydroxide or alkali halide [31].
1.4.3. DMC as Fuel Additive. DMC has become a oxygenated additive fuel for
diesel and gasoline due to the interesting physical properties: (1) non-toxic , green, nondestructive and safe handling [19], (2) high oxygen content, 53.28% by weight, which
plays a significant part in overwhelming the soot precursor concentration in fuel-rich
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combustion zone through OH radical [32], (3) It is fully miscible in diesel and gasoline
[32], (4) high hydrogen to carbon (H/C) ratio [33], (5) relatively low carbon to oxygen ratio
[34] . DMC has high octane number, which used to reduce CO, SOx, and NOx emissions.
As well, Methyl tertiary butyl ether (MTBE) was utilized as an octane enhancer of gasoline
fuel to eliminate the exhaust emissions from gasoline engines [35]. The United States
Environmental Protection Agency (US EPA) has admitted that MTBE has side effect on
the ground-water and surface-water contamination, which could possibly resulting in
human health issues. In mid-1980, DMC used as replacement to MTBE in commercial
gasoline. Furthermore, it has been found that DMC has less smoke than alcohols as well as
ethers [17]. Abdalla and his group have found that the pure DMC with minor modification
could be applied in diesel engine which facilitate the burning due to the its low boiling
point. Additionally, DMC can easily reacts with water to form carbon dioxide and
methanol, which eliminated soot precursors (acetylene and benzene) [36]. Yang et al.
reported the impact of DMC additive on heavy-duty diesel engine. The evaluation test
demonstrated that carbon monoxide has shown strong reduction from 26.3% to 60.9% with
DMC blending, while total hydrocarbons (THC) emissions showed increases from 32.5%
to 137% with DMC [37].
1.5. OBJECTIVES
The objective of this research is to study the role of ceria nanostructured and ceria
nanorods doped with various metals for direct conversion of carbon dioxide into dimethyl
carbonate. To the best of our understanding, there is no study in the literature on direct
synthesis of DMC over ceria nanorod doped with Ni, Cu, Co. The results from
characterization of materials together with results from activity test allowed further
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understanding of ceria morphologies and transition metals on conversion of CO2. The
objectives were obtained by following these steps:
1. Preparation of mixed metal oxide using hydrothermal and wet impregnation
methods.
2. Characterization of the synthesized catalysts with various techniques such as X-ray
diffraction (XRD), Temperature programmed desorption (NH3/CO2-TPD), X-ray
fluorescence (XRF) and Brunauer–Emmett–Teller (BET).
3. Evaluation of all the catalysis using batch reactor at mild reaction condition.
4. Analysis of obtain product with helping of Gas Chromatography (GC) equipped
with flame ionization detector (FID).
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2. LITERATURE REVIEW

Several processes have been developed for DMC production: methanol
phosgenation, oxidative carbonylation of methanol, urea, transesterification of cycle
carbonate, direct synthesis etc. Alternative synthesis route of DMC are listed in Figure 2.1.

Figure 2.1. Alternative synthesis route [38].

2.1. DMC PRODUCTION BY PHOSGENATION
Until 1980, DMC was only formed by phosgenation of methanol which entailed
very toxic substances such as phosgene (COCl2) [39]. In this process, DMC produces by
the reaction of Phosgene (COCl2) with methanol to produce methyl chloroformate
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(CH3OCOCl), which then reacts with methanol to derive DMC. However, producing DMC
from phosgenation method has been stopped due to environmental issues: phosgene is a
colorless, highly toxic gas and according to United States Department of Transportation, it
is classified as a class-A poison chemical compound [40].
COCl2 + CH3 OH → CH3 OCOCl + HCl

(1)

CH3 OCOCl + CH3 OH → CH3 OCO2 CH3 + HCl

(2)

Overall:
COCl2 + 2CH3 OH → CH3 OCO2 CH3 + HCl

(3)

2.2. DMC BY UREA METHANOLYSIS
DMC as main product and ammonia as by product are produced by
transesterification of urea with methanol. The reaction takes place into steps: first step is
the formation of methyl carbonate (MC), which is fast and highly selective due to the
decomposition of urea into ammonia. In second step, rate determining step, MC reacts with
methanol to make DMC. This method is abundant and low cost; moreover, ammonia
produced could be recycle to generate urea [38]. A number of catalysis were synthesis for
the reaction such as Zn–Fe–O mixed oxides, ZnAlO, ZnCrO, CaO, MgO, ZrO2 and ZnFeO
[41]–[44]. The highest DMC yield(50mol %) was obtained over ZnO-CeO2-La2O3 at 170°
C, 20 bars, and 3 h [45].
𝑁𝐻2 𝐶𝑂𝑁𝐻2 + 𝐶𝐻3 𝑂𝐻 → 𝑁𝐻2 𝐶𝑂𝑂𝐶𝐻3 + 𝑁𝐻3

(4)

𝑁𝐻2 𝐶𝑂𝑂𝐶𝐻3 + 𝐶𝐻3 𝑂𝐻 → (𝐶𝐻3 𝑂)2 𝐶𝑂 + 𝑁𝐻3

(5)
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2.3. DMC BY OXIDATIVE CARBONYLATION
In 1980, Italian company developed non-phosgene route to produce DMC from
methanol, carbon dioxide and carbon monoxide (CO) over CuCl catalyst. Several studies
have been carried out in the interest of improving this process and developing novel
catalyst [46]. Zhang et al. has studied the DMC production from methanol, CO and CO2
over various catalysis: Cu-exchanged Y (Si/Al = 2.5), ZSM-5 (Si/Al = 12), and Mordenite
(Si/Al = 10). They found linear relationship between the activity and selectivity of Cu-Y
and the structure and chemical composition of zeolite [47]. CuCl/SiO2–TiO2 was
synthesized by conventional and microwave heating methods and applied as catalysts in
oxidative carbonylation of methanol. Additionally, copper supported on carbon nanotube
were synthesized by via conventional incipient wetness impregnation technique. The
highest DMC yield was 55% with selectivity of 30% [48]. The highest selectivity (98%)
of DMC with respect to methanol was obtained by using PdCl2-CuCl2-KOAc/AC-AL2O3
[49]. This process is thermodynamically favorable and operated at mild conditions and it
is free phosgene route but, it suffers from the risk of explosion and equipment corrosion
[24].
2ROH + 2CO + 1⁄2 O2 → (RO)2 CO + H2 O

(6)

2.4. DMC BY TRANSESTERIFICATION OF CYCLIC CARBONATE
The transesterification of propylene carbonate (PC) and ethylene carbonate (EC) is
by far the most studied alternative for DMC synthesis, because of its high selectivity,
productivity, of DMC, as well the by-product (glycerol carbonate), which has a high
commercial value. Several heterogeneous catalysts have been developed for the
transesterification reactions such as basic metal oxides, ceria-based materials, anion-
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exchange resins ,alkali-metal hydrox-ides dawsonites, and smectites[50]–[55]. Jie Xu et
al. achieved high percentage of conversion for EC above 70% and DMC yield around
83.3%. The reaction was conducted in 80 ml batch reactor in the presence of Zn-doped gC3N4 at the reaction conditions (6 bar CO2,160 °C and 6 h) [56]. A good selectivity, EC
conversion, and DMC yield were 87% to DMC, 82% and 71% respectively were reported
using a series of ceria-strontium (CexSr1−xO2; x=0 to 1) catalysts. They found that the
DMC selectivity/yield increase with an increasing in the basic site density of catalyst as
well as surface area. [57]. In one of paper by Huang Zheng, they reported the
transesterification of ethylene carbonate to dimethyl carbonate under different
morphologies of cerium oxide including rods (CeO2-R), cubes (CeO2-C), and polyhedral
(CeO2-PL), the maximum yield of DMC was obtained by (CeO2-R) which was 71%.
However, the (CeO2-R) was reused for five times with no prime decrease in the catalytic
activity [58].
(CH2 O)2 CO + 2ROH → (RO)2 CO + (CH2 OH)2

(7)

Tin doped zirconia/graphene nanocomposite (Zr–Sn/GO) and Tin doped zirconia
(Zr–Sn–O) catalysts have been synthesized for the transesterification of PG into DMC. The
highest PC conversion was 82.4% and the obtained yield of DMC were 78.2%[59]. In
addition, it found that the amount of basic sites of the catalysts performs a significant role
in the transesterification of PC with methanol. Moreover, they studied the effect of halogen
anions on the chemical and physical properties of catalysis, The obtained PC conversion
was 65.9% and DMC selectivity was 95.3% [60]. The main disadvantages of this route are
the, thermodynamic limitations, high costs of raw materials (EC and PC) and the fact that

13
cyclic carbonates are produced from hazardous reactants, such as ethylene oxide and
propylene oxide[54], [58], [60].
2.5. DMC FROM CO2, EPOXIDES AND METHANOL
One-pot synthesis of DMC has been developed in order to the separation of
intermediate products; however, this route has received attention because it is eco-friendly
and carbon dioxide is utilized. Xu et al. synthesized KF/Al2O3 catalysis for the one-pot
DMC synthesis from propylene oxide (PO), CO2 and methanol at 180° C for 3 h. the
conversion of PO and yield of DMC were 91.2 % and 32.1% respectively [61]. A number
of catalysts were synthesis for this route such as Choline hydroxide/MgO (CH-MgO), KIZnO, K2O3-ZnO, KOH/4A and n-Bu4NBr [62]–[64].
2.6. DIRECT DMC SYNTHESIS FROM CO2 AND METHANOL
The interest and popularity of this route due to the using of CO2 as a chemical
feedstock for process. The motivation of using CO2 as feedstock in synthesizing valuable
chemicals due to green technology ,low cost, nontoxic, non-flammable and abundant. The
direct DMC synthesis has some challenges such as low yield and thermodynamic
limitations but it is the most promising by economic and environmental standards.
Therefore, it is needed to design novel catalysts which could overcome the thermodynamic
limitations and remove the water from the reaction mixture[65].
2ROH + CO2 → (RO)2 CO + H2 O

(8)

2.6.1. CeO2 in Direct DMC Synthesis. Recently, the research interest on the
direct synthesis of DMC has been primarily focused on ceria-based catalysts due to their
excellent activity as catalysts and catalyst support [66]–[68]. Literature reported that ceria
has a high density of Lewis acid and base sites and a corrugated surface atomic structure

14
which enhanced the reaction rate of the conversion of CO2 and small alcohols to organic
carbonates by providing selective catalytic sites to activate CO2 and energetically favorable
carbonate intermediates [69]. Moreover, different facets of ceria have different densities of
oxygen vacancy defect for CO2 adsorption, with those of (110) and (211) facets larger than
those of (100) and (111) facets [70]. Metal oxides are very useful for adsorption and
catalyst purpose due to the redox and acid/base properties. Studies over last 20 years have
provided significant information on metal oxide; specifically CeO2 and ZrO2. Much
literature has reported the equilibrium model and kinetics over CeO2 / ZrO2 catalysts [65].
The role of ceria morphologies along with crystal defect and crystal plane have been
investigated. Wang and his group have studied the performance of ceria with different
morphologies including spindle, nanorods, nanocubes, and octahedron in DMC
production. The results found that ceria-spindle nanostructured showed the highest DMC
yield, followed by nanorod, nanocube, and octahedron[71].
The yield of DMC has been improved by adding some dehydration agent such as
orthoesters, 2,2-dimethoxy propane (DMP) ,trimethyl phosohates (TMP) and, 2cynanopyridine (2-CP) and molecular sieves [72]–[75]. Unfortunately, these agents are
expensive, difficult to separate and they usually cause side products. UNNIKRISHNAN P
and his group have studied the synthesis of DMC over different morphology of ceria
nanostructured (Spindle, cube, irregular and rod) in the presence of 2-cynanopyridine (2CP),The spindle ceria showed highest DMC yield (61%) with 97% DMC selectivity under
reaction conditions (150 °C, 50 bars and 2h). [73]. The influence of morphology of ceria
in the presence of DMP for the direct synthesis of DMC was investigated. It has been
concluded that DMP increases the DMC formation and overcomes the thermodynamic
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limitation [75]. Recently, Honda et al. obtained the highest yield >99 % over ill-defined
ceria nanoparticles catalysts in the presence of 2-cyanopyridine as a dehydrating agent.
Molecular sieves has used as a dehydrating agent to get rid of byproduct water, enhance
DMC formation, and overcome the thermodynamic limitation. Ceria catalyst showed DMC
yield of 2.046 mmol DMC/g. cat at 120 °C and 150 bars. Literature reported the adjusted
sol-gel method for making CeO2, CeO2/SiO2 and CeO2-4A ceria-based catalysts. The
highest DMC yield was obtained for CeO2-4A, followed by CeO2/SiO2 and CeO2 catalysts,
respectively[76].
The effect of calcination the Ce(OH)3 precursors in various atmospheres (H2, Ar,
air, O2) have been investigated by Cui et al.. Performance of catalysts were tested for DMC
production and the test results indicated the highest DMC yield was obtained by CeO2-O2
which was calcined in O2 atmosphere. In addition, Calcining the Ce(OH)3 precursors under
different atmospheres can significantly affect the ratio of Ce(IV)/Ce(III) and acid-base
property. The higher ratio of surface Ce(IV)/Ce(III) and larger amounts and moderateintensity acid-base sites of CeO2-O2 attributed for higher DMC yield [77].
Ceria/zirconia are selective catalysts for direct DMC synthesis form CO2 because
they stated that the bifunctional redox, good surface, chemical and physical properties [59],
[78]. Ceria-zirconia based catalysts (CeO2, ZrO2 and Ce0.5Zr0.5O2) were tested for the direct
conversion of CO2 with methanol into dimethyl carbonate (DMC), the catalytic test results
indicated that Ce0.5Zr0.5O2 has better activity compared to CeO2 and ZrO2. Also, it is
reported the basicity and acidity of catalysts plays an critical role in DMC formation [79].
The ceria–zirconia oxide (Ce–Zr oxide)/graphene nanocomposite was synthetized with
continuous hydrothermal flow (CHFS) route for the conversion of CO2 into DMC in the
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presence of 1,1,1,trimethoxymethane (TMM) as a dehydrating agent in a high pressure
reactor. The catalytic performance test showed high methanol conversion 58 % and DMC
yield (33%) at 110 °C, 275 bars and 16h [59]. CexZr1−xO2 with distinct morphology, acid
/base sites and high surface area has reported an excellent catalytic activity under reaction
conditions (7.5 MPa, 140 °C). The nanorods shaped Ce0.5Zr0.5O2 has shown the higher
amount of DMC (15.24 mmol) than spherical shaped (12.5 mmol) [80]. Calcium-cerium
metal oxide catalysts were synthesized in the presence of surfactant templating with
different molar ratio for the direct DMC production. The catalytic performance test was
conducted in batch reactor at reaction temperature of 120 °C, Pressure 150 bars, for 24 h,
they found the linear relationship between acid/base densities and DMC yield [81]. Fu et
al. developed ceria nanorod doped with TiO2 for DMC production. The catalytic
performance, micro-morphologies and physical-chemical properties of TixCe1-xO2 were
investigated. Ti0.04Ce0.96O2 nanorod material revealed high catalytic performance with a
methanol conversion of 5.38% and selectivity of 83.1% of DMC [82].
Also, the effects of surface oxygen vacancy, reduction temperatures, and different
operating conditions over CeO2 nanowires was explored by Zhongwei Fu. The catalysis
activity of ceria nanowires was noticed to be strongly improved after surface reduction by
creating more surface acidic-basic sites [83]. Additionally, series of CaxCe has been
studied in the direct DMC synthesis from methanol and carbon dioxide. The prompts of
CaO has impact the physical and chemical properties and oxygen vacancies of catalysts.
The results exhibited that interactions between CaO and CeO2 generated more oxygen
vacancies [84]. Various heterogeneous catalyst: ceria and ceria based catalyst for direct
DMC synthesis from methanol and CO2 are summarized in Table 2.1.
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Table 2.1. Ceria catalyst for direct DMC synthesis from methanol and CO2.
NO

dehydration

T

p

t

DMC yield

agent

°C

bar

h

mmol

Catalyst
.

Ref.

1

Sphere-CeO2

-

140

50

3

0.76

[77]

2

Spindle-CeO2

2-CP

150

50

2

61%

[73]

3

Ce0.5Zr0.5O2

120

150

24

3.34

[79]

140

50

2

6

[75]

120

150

24

2.55

[85]

-

140

75

-

15.24

[80]

2-CP

140

50

3

38

[74]

TMM

110

275

16

33%

[59]

120

50

5

0.94

[82]

-

140

30

3

2.47

[84]

molecular
sieve 3A
4

spindle-CeO2

5

Ceria

DMP
molecular
sieve 3A

Rod6
Ce0.5Zr0.5O2
7

Rod-CeO2
Ce–Zr

8
oxide/graphene
9

Rod- Ti0.04Ce0.96O2

-

Rod10
Ca1.5Ce98.5O2
11

Nanowire-CeO2

reduced

120

50

5

4.93

[83]

12

5wt%Cu/CeO2

reduced

120

20

2

0.4

[86]
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2.6.2. Heterogeneous Catalyst. Cu–Ni bimetallic loaded on various carriers
have been developed for the direct DMC synthesis from methanol and carbon dioxide such
as Cu–Ni/graphite, Cu–Ni/MWCNTs, Cu–Ni/TEG, Cu–Ni/diatomite ,5%Cu–Ni/ZIF-8,
Cu–Ni/ MOF [87]–[91]. Bang et al. reported that Cu-Ni bimetallic played a significant role
in the activation of CH3OH and CO2. Additionally, the present of moderate Cu–Ni–
graphite interactions, Cu–Ni– MWCNTs, Cu–Ni–TEG and the dispersing states of metal
particles also helped in the improvement of catalytic activity [87]–[89]. Moreover, Chen et
al. have studied the activity of diatomite doped with Cu–Ni bimetallic for direct DMC
synthesis under various conditions, which revealed high activity with a methanol
conversion of 6.5% and a DMC selectivity of 91.2% at reaction conditions (120 °C, 12
bars, and 10 h). It was found that the bimetallic composite was effectively alloyed and well
immobilized inside or outside the pore of diatomite [90]. Furthermore, Cu–Ni/ZIF-8 metal
oxide framework (MOF) catalysts were synthesized for the conversion of CO2 into DMC.
The reaction temperature, pressure, metal loads, weight load of catalysts and their effects
were reported. Results of performance test pointed out that loaded bimetallic Cu–Ni/ZIF8 catalysts have a high potential for synthesis of DMC [91].

As well, the catalytic

performance test of Co1.5PW12O40 has carried out in batch reactor for the CO2 conversion.
The DMC yield was very low due to the thermodynamic limitation; however, the DMC
selectivity is intensely dependent on the temperature. Aouissi et al. concluded the DMC
formation is strongly favor by low reaction temperature; so, increasing the reaction
temperature decreased the conversion of CH3OH and may cause DMC decomposition[92].
Fe–Zr mixed oxides with different loading of Fe have showed better result than pure ZrO2
and Fe2O3. It reported that Fe2O3 favored the formation of moderately acidic and basic
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sites, which turn to enhance the activation of CO2 and methanol[93]. As well, the DMC
yield and selectivity and as well as the conversion of methanol over different heterogeneous
catalysts are listed in Table 2.2.

Table 2.2. Heterogeneous catalysts for DMC production.
No

%DMC
T

.

P

t

Catalyst

%Conversio

%DMC

Ref

n of CH3OH

Yield

.

Selectivit
°C

bar

h
y

1

Cu–Ni/graphite

2

Cu–

105

12

3

88

10.227

9

[89]

120

12

3

85

4.3

3.655

[87]

Ni/MWCNTs
3

Cu–Ni/TEG

100

12

3

89.3

4.97

4.43

[88]

4

Cu–Ni/diatomite

120

12

10

91.2

6.5

5.928

[94]

5

5%Cu–Ni/ZIF-8

110

20

12

-

12.79

6.39

[91]

6

Co1.5PW12O40

80

2.5

5

86.5

7.6

6.574

[92]

Fe0.7Zr0.3Oy

110

50

4

-

-

7

0.44mmo
l

[93]
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3. EXPERIMENTAL

3.1. CHEMICALS
The

metal

precursors

used

were

Ce(NO3)3·6H2O,

Ni(NO3)3·6H2O,

Cu(NO3)2·4H2O, Ca(NO3)3·6H2O and Co(C2H3O2)2.4H2O, all purchased from SigmaAldrich. All gas are purchased from Airgas Company which are used for chemical reaction
and catalyst characterization, ammonia (5%NH3/He), carbon dioxide (99.999%CO2),
helium with high puriuty He (99.999%) and liquid nitrogen.
3.2. CATALYSTS PREPARATION
Three shapes of ceria nanostructures were prepared hydrothermally. For the
octahedral shaped catalyst, 0.0076 g of Na3PO4·12H2O were dissolved in 80 mL of distilled
water, then 0.868 g of Ce(NO3)3·6H2O were added to the solution. Then, it was mixed and
continuously stirred at room temperature for 30 minutes. The solution was then transferred
to a 100 mL Teflon cylinder and sealed tightly in a stainless steel autoclave. The autoclave
was placed in an oven at 170 C° for 10 h. After cooling down, the product was centrifuged
and the powder was washed alternatively in distilled water and ethanol. Finally, the powder
was dried at 110 °C overnight and calcined in air at 350 °C for 3 h. Ceria nanorods were
prepared by dissolving 6.4 g of NaOH and 3 g of Ce(NO3)3·6H2O in 70 ml of distilled
water. The solution was mixed, stirred and placed in an oven for 14 h at 100 °C. After
cooling, the precipitate was separated, washed, dried for 24 h at 110 °C, and calcined for 4
h at 500 °C. Ceria nanocubes were similarly synthesized, using 9.6 g of NaOH and 0.87 g
of Ce (NO3)3·6H2O into 10 ml of distilled water and was heated for 24 h at 180 ° C. CeO2
doped with NiO, CaO, CuO, and CoO were prepared by wet impregnation method. The
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metal precursors used were Ce(NO3)3·6H2O, Ni(NO3)3·6H2O, Cu(NO3)2·4H2O,
Ca(NO3)3·6H2O and Co(C2H3O2)2.4H2O, all purchased from Sigma-Aldrich. About
10 wt% metal precursor was added to the CeO2 nanorod. The mixture was dried overnight
at 110 °C and calcined in air for 4 hours at 600 °C.
3.3. CATALYSTS CHARACTERIZATION
Powder X-ray diffraction pattern of all catalysts were conducted by using a
PANalytical X’pert diffractometer using Cukα. The patterns were determined in the range
of 20°≤2θ ≤80° and step size was 2.0 °/min. The BET surface area, nitrogen adsorption
and pore volume of catalysts were measured by employing Micrometrics 3Flex instrument.
All the samples were degassed under vacuum at 250 °C for 8 hours at a rate of 10 °C/min.
The Barrett-Joyner-Halenda (BJH) model was used to calculate the pore volume. The
amount and strength of the acid/basic site of catalyst were determined using Temperature
Programmed Desorption (TPD) using ammonia and carbon dioxide as probe molecules.
The experiments were conducted on a Micrometrics 3-Flex instrument linked to a mass
spectrometer detector (BEL mass). Around, 0.1 g of each catalyst was degassed under
helium gas (He99.999%) flows (40 mL/min) at 200 °C for 2 h. Then, the sample was cooled
down to 50 °C and ammonia (5%NH3/He)/carbon dioxide (99.999%CO2) was adsorbed
for 30 min at a rate of 40mL/min. Then, the sample was purged with (He gas) to remove
physically adsorbed NH3/CO2 followed by an increase in temperature to 100 °C.
Subsequently, the temperature was increased from 100 °C to 800 °C at a ramp rate of 10
°C /min[73]. Fourier-transform infrared spectroscopy (FTIR) was performed in a Nicolet
Nexus 470 to determine the functional group. Pure potassium bromide (KBr) powder was
dried at 110 °C for 12 h to remove moisture. About 100 mg of KBr were mixed with 1 g
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of the catalyst to prepare the pellet. X-ray Fluorescence (XRF) was carried out to map the
presence of various elements in the doped ceria.
3.4. CATALYSTS EVALUATING STUDIES
The experiments were conducted in a 100 mL stainless steel Parr high pressure
reactor, which is supplied with a thermocouple and stirrer. The temperature and rpm are
controlled by 4848 reactor controller. The set-up of reactor is illustrated in Figure 3.1.
Usually, 35 mL of methanol and 0.5 g of catalyst were fed to the reactor. Then, the reactor
was sealed and purged three times with CO2 to remove air. Next, the reactor was
pressurized by CO2 (30 bars), followed by stirring at rate of 300 rpm. Finally, the reactor
was heated to 140 °C. After 3 h, the reactor was left to cool down at room temperature, and
the catalyst and product was separated via centrifuge. The product was analyzed on a
7890B Agilent Gas Chromatography (GC) equipped with a flame ionization detector (FID)
for analyzing methanol and DMC. A DB WAX column (30m x0.320mm x0.25µm) was
used for separation.

Figure 3.1. Experimental set-up reactor.
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4. RESULT AND DISCUSSION

4.1. CHARACTERIZATION OF CATALYSTS
The major objective of catalyst characterization is to study the relation between
material properties (physical, chemical, and surface) and catalytic activity. Also, it helps
to monitor the change of catalysts properties during reaction stage.
4.1.1. Powder X-ray Diffraction (XRD). XRD patterns of materials are shown
in Figure 4.1 (a) and (b). In Figure 4.1 (a), XRD analysis showed characteristic peaks for
CeO2 with different morphologies at 28.6°, 33.1°, 47.6°, 56.6°, 59.2°, 69.6°, 76.8°, and
79.3° which are related to the (111), (200), (220), (311), (222), (400), (331), and (420)
planes respectively. As shown in Figure 4.1 (a), the nanocube exhibited the sharpest peaks
and the highest intensity, while the nanorod showed weak and broad peaks. This indicates
that the smallest crystallite size is found in the nanorod (14 nm), which is in agreement
with literature [95][69]. In Figure 4.1 (b) , the NiO/CeO2 catalyst shows obvious additional
peaks at 2θ=37.5° and 43.5° suggested the formation of NiO [96]. The small characteristic
diffraction peaks at 35.5° and 38.7° are attributed to the formation of CuO [97]. Peaks with
less intensity at 2θ=31.1°, 36.7° and 65° indicated the formation of CoO [98]. In the
CaO/CeO2 sample, no new diffraction peaks corresponding to the CaO phase were
observed. This may be indicative of the incorporation of Ca2+ species into the ceria lattice
and their high dispersion as a result of their small diameter [84]. The average crystallite
size of individual phase (111), calculated by the Debye-Scherrer equation, was 18 nm for
NiO/CeO2, 12 nm for CaO/CeO2, 16 nm for CuO/CeO2, and 14 nm for CoO/CeO2.

24

Figure 4.1. XRD patterns of (a) CeO2 different shapes (b) Ceria doped with NiO, CaO,
CuO and CoO.
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4.1.2. Fourier Transform Infrared Spectroscopy. The FTIR spectra of ceria
with different shapes and ceria doped with NiO, CaO, CuO, and CoO are presented in
Figure 4.2 (a) and (b), respectively. The presence of absorption bands at 3420 cm−1 for all
the samples can be indicated to (O-H) vibration modes of (H-bonded) water molecules.
[99]. The absorption band 500–1050 cm−1 were ascribed to the cerium-oxygen groups
[100], [101]. In Figure 4.2 (b), the appearance of absorption band at ∼580 cm−1 was due to
the presence of CoO [102]. Moreover, the peaks around 600 cm−1 correspond to the
vibrational mode of Cu-O [103]. Yu et al. observed that the Ni-O vibration occurred at
400-525 cm−1 [104].

However, this band shifted towards lower frequencies when

CeO2 nanoparticles were doped with calcium and transition metal ions, which is caused by
the incorporation of dopants into the CeO2 structure. The two bands observed at 1600 and
1350 cm−1 of all the samples correspond to the stretching vibration of carboxylate salts
(COO¯) [105]. These results confirm the presence of CoO, CuO, and NiO which is
consistent with XRD and XRF analysis. The metal loading in the ceria obtained from XRF
results are listed in Table 4.1. Textural properties. . The element mapping suggests the
metals were all well dispersed in the ceria nanorod.
4.1.3. Surface Area and Pore Volume. The surface area of all samples was
estimated by the BET method and pore volume was calculated according to the BJH
method. The textual properties of ceria with different shapes (nanooctahedra, nanocubes
and nanorods) and ceria doped with metal oxide are listed in Table 4.1. The surface area of
ceria nanorods was 91 m2/g (121 m2/g by Tong [69] , 62 m2/g by Unnikrishnan [73] and
105 m2/g by Soykal [106]) and the pore volume was 0.192 cm3/g, while the nanocubes had
a surface area of 7.3 m2/g and a pore volume of 0.027 cm3/g. The surface area of ceria
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Figure 4.2. FTIR Spectra of (a) Ceria with different shapes and (b) Ceria doped with NiO,
CaO, CuO and CoO.
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nanooctahedra was 23 m2/g and the pore volume was 0.129 cm3/g. When the nanorod
shaped cerium oxide loaded with 10% transition oxide metals, the surface area was
dramatically decreased. From Table 4.1, it can be seen that the largest surface area was
found on rod-CeO2. The largest pore volume was 0.246 cm3/g which was obtained for
NiO/CeO2 while the smallest pore volume was 0.166 cm3/g was found on CoO/CeO2. The
smallest surface area was also found on CoO/CeO2 at 38 m2/g, compared to 87 m2/g found
by Soykai [106]. Different surface areas have been reported for NiO/ CeO2 (83 m2/g by
Zhang et al. [107], 46 m2/g by Tada group [96]). The obtained surface area of CuO/CeO2
was found to be 60 m2/g and was reported as 79 m2/g [97]. Nitrogen adsorption-desorption
isotherms of catalysts are shown in Figure 4.3 (a) and (b). Figure 4.3(a) shows H2
hysteresis loops for each of the CeO2 nanostructures at different relative pressures. The
nanorods, nanocubes, and octahedra exhibited this behavior over a relative pressure range
of 0.5-0.99, 0.9-0.99, and 0.8-0.99 P/P0, respectively. This indicates a type IV isotherm for
each of the CeO2 nanostructures. Figure 4.3(b) shows a hysteresis loop exists for the doped
CeO2 nanorod over a relative pressure range of 0.63-0.99 P/P0, shifted from the 0.5-0.99
P/P0 seen in the non-doped CeO2. Again, these catalysts display a type IV isotherm.
4.1.4. Temperature Programmed Desorption (NH3/CO2-TPD). The acidic
properties of CeO2, CoO/CeO2, NiO/CeO2, CaO/CeO2 and CuO/CeO2 samples were
estimated by NH3-TPD. These profile results are presented in Figure 4.4 (a) and (b). From
the profiles of NH3-TPD for all but CaO/CeO2, there are two major desorption peaks of
NH3 around 160-190 °C and 570-590 °C. The first peak corresponded to weak Lewis acid
sites, and the second peak is attributed to strong acid site. CaO/CeO2 has three peaks
corresponding to weak, medium, and strong Lewis acid sites at 188 °C, 386 °C, and 595
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Table 4.1. Textural properties.

sample

SBET
(m2/g)

Average
pore volume (cm3/g) Crystal size
(nm)

Metal
loading
(wt %)

CeO2-Rod

91

0.192

14

-

CeO2-Cube

8

0.027

38

-

CeO2-Oct.

23

0.129

37

-

NiO/CeO2

65

0.246

12

17

CaO/CeO2

66

0.229

11

12

CuO/CeO2

60

0.219

12

16

CoO/CeO2

38

0.166

14

14

°C respectively. NiO/CeO2 almost showed the same profiles shape as CeO2 which means
that the acidity of CeO2 was barely affected by the nickel oxide dopant. The strength of
acid sites was dramatically enhanced by introducing CaO as seen by the addition of a third
peak at 386 °C which is consistent with previous reports [81]. Loading of copper and cobalt
in cerium oxide decreased the adsorption of NH3 [108]. It was noted that the position of
the desorption peak of weak acid sites shifted to higher temperatures by supporting
transition metal oxide (Ni, Ca, Cu, and Co) on CeO2. It was obvious that the acidity of the
CaO/CeO2 catalyst is higher than the other catalysts.
CO2-TPD experiments were carried out to evaluate the strength of the basic sites of
CeO2, CoO/CeO2, NiO/CeO2, CaO/CeO2 and CuO/CeO2 catalysts, and the profiles are
shown in Figure 4.4 (b). The desorption peaks appearing in the lower temperature range
between 154-208 °C can be assigned to the interaction between CO2 and weakly basic sites.
The desorption peak of CeO2, CoO/CeO2, NiO/CeO2, CaO/CeO2 can barely be seen
in the temperature range between 376-391 °C which indicates a medium basicity. From
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Figure 4.3. N2 physorption of (a) Ceria with different shapes and (b) Ceria doped with
NiO, CaO, CuO and CoO.
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CO2-TPD profiles, it was observed that the loading of CaO has increased the strong basic
sites which has been shown by previous literature [84]. The CuO/CeO2 has no obvious
intensity peak which is most likely explained by the CO2 adsorption sites being covered
by Cu2+ [108]. Additionally, the loading of nickel and cobalt have a slight effect in the
basicity of cerium oxide. As a result of bot the NH3/CO2-TPD tests, it can be concluded
that nickel oxide as a prompter did not affect the acidity or alkalinity of cerium oxide.
4.2. GC ANALYSIS
The product was collected and analyzed on Agilent Gas Chromatography (GC)
equipped with flame ionization detector (FID) for analyzing methanol and DMC. DB WAX
column (30m x0.320mm x0.25µm) was applied for separation. The standards of DMC
were prepared by taking different concentration of DMC using pure methanol (HPLC
grade) as a solvent. These concentration were 500 ppm, 700 ppm, 1000 ppm, 1200 ppm
and 1500 ppm. These samples were analyzed using GC-FID to generate the calibration
curve. The analysis method was developed as following: the oven temperature program
start at 50 °C for 0 min and increased to 250 °C at a ramp rate of 20 °C/min. the temperature
was kept at 250 °C for 6 min. before and after each run, methanol was used to clean the
column. Typically, 1 micro liter of sample was fed into the column. The graph was acquired
and the retention time of DMC peak was noticed at 4.053 min. The data of calibration curve
is displayed in Table 4.2. The calibration curve is obtained between the area counts of the
DMC peak on the y-axis and the concentration of the standards on the x-axis. The trend
line and equation is obtained. The R-squared value is 0.9357 which is acceptable.
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Figure 4.4. (a) NH3-TPD and (b) CO2 Profiles of the ceria nanorod and ceria
doped with NiO, CaO, CuO and CoO.
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Table 4.2. Calibration data from the GC-FID for DMC standards.
PPM

Area

R.T

500

521702

4.053

700

773061

4.054

1000

1186230

4.054

1200

1532645

4.054

1500

2204840

4.054

The reaction product samples were prepared by mixing 0.2 g of the product in 1
mL of pure methanol together into a 2 ml glass vial. They were injected into GC-FID to
get the area count for each sample. Then, the DMC concentration were calculated using
the obtain area of DMC and the calibration curve. The yield of DMC was estimated using
Equations (9, 10, and 11). In Equation (10), the unknown concentration of DMC (which is
the mass of DMC in the diluted mixture- DMC conc. g/g) is calculated by dividing the area
counts and the response factor value (which obtained from the calibration of GC).

𝑅𝐹 =

𝐴𝑟𝑒𝑎 𝑐𝑜𝑢𝑛𝑡𝑠
𝑔
𝐷𝑀𝐶 𝑐𝑜𝑛𝑐. (𝑔)

(9)

Hence, the weight of DMC in reaction mixture (wt (g) DMC) could be calculated by using
Equation (11), where the concentration of DMC in the diluted mixture is multiply by the
total reaction mixture.
𝑔
𝑤𝑡(𝑔)𝐷𝑀𝐶 = 𝐷𝑀𝐶 𝑐𝑜𝑛𝑐. ( ) ∗ 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒(𝑔)
𝑔

(10)

33
𝑚𝑚𝑜𝑙
𝑚𝑚𝑜𝑙𝑒 𝑜𝑓 𝐷𝑀𝐶 𝑓𝑜𝑟𝑚𝑒𝑑
𝑌𝑖𝑒𝑙𝑑 (
)=
𝑔
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

(11)

4.3. CATALYTIC PERFORMANCE TEST
Direct DMC synthesis from CO2 and methanol were conducted over ceria with
different shapes (nanooctahedra, nanocubes and nanorods); the results are presented in
Figure 4.5. As can be seen, the order of DMC yield are as follows: nanorods> nano-cubes
> nano-octahedrons. The CeO2 nanorods exhibited the best catalytic performance among
otherswith a yield of 1.6 mmol. A 100% DMC selectivity was observed for each of the
three shapes, which is in agreement with literature [73]–[75]. There was a clear correlation
between the ceria nanostructure and the DMC yield; the ceria nanorod yield was 1.6 mmol
which was higher than ceria nanooctahedra (0.66 mmol) and ceria nanocube (0.32 mmol).
Literature has addressed the role of ceria facets or shapes and catalytic activity in direct
DMC synthesis from CO2; it was observed that ceria nanorods with (110) and (100) facets
exhibited the highest DMC yield, better than cubes (100) and octahedral (111)
[4],[17],[80]. Many reports in literature support the direct role of (110) plane in catalytic
activity. The catalytic performance of 10wt% X-CeO2 (x= NiO, CuO, CaO, and CoO) are
shown in
Figure 4.6. Although the DMC yield slightly dropped after ceria doping, there were
no by-products found in the GC analysis, and the selectivity of DMC was 100%. To the
best of our knowledge, there is no report that investigated catalytic performance of
CoO/CeO2 and NiO/CeO2 for the direct DMC synthesis from methanol and CO2. The
catalytic performance of mixed metal oxide decreased in the following order:
CoO/CeO2>NiO/CeO2 >CaO/CeO2 > CuO/CeO2. Again, GC analysis showed that DMC
selectivity was 100% for all catalysts. Also, the catalytic performance of ceria nanorod
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doped with copper oxide was found to be higher than dopant metal into amorphous ceria.
Wade et al. has obtained a DMC yield of 0.038 mmol over 10% CuO/CeO2 at 5 bar, 120
°C, and 2 h [86]. The obtained DMC yield was 0.27 mmol, which is 7 times higher than
reported. A DMC yield of 0.8 mmol was achieved by CaO/CeO2; however, Liu et al.
reported almost 0.1 mmol over 5% CaO/CeO2 and 2.47 mmol over 1.5% CaO/CeO2. They
observed that the DMC yield reached its highest value of 2.47 mmol when the Ca load was
increased from 0 to 1.5 wt% then decreased with increasing Ca content [84]. In this regard,
the yield of DMC was decreased by doping the metal oxide. This may mean that NiO, CuO,
CaO, and CoO attached to the Ce+3 ions lowers the ceria (110) surface by decreasing the
density of oxygen vacancy defects and the reaction occurred at the (100) plane, which is
more thermodynamically stable.
In association with the results of the N2 adsorption, the CeO2 catalyst with the
largest surface area showed the highest catalytic performance suggesting that the catalytic
activity was correlated to the surface area of catalysts. The surface area of the catalysts
decreased in the following order: CeO2> CaO/CeO2 >NiO/CeO2> CuO/CeO2>CoO/CeO2;
this trend is in disagreement with catalytic activity result, where the DMC yield decreased
in the following order: CeO2> CoO/CeO2>NiO/CeO2 >CaO/CeO2 > CuO/CeO2. This
shows that the surface area wasn’t correlated with catalytic activity, which was consistent
with previous reports [80]–[82].
Moreover, the strength quantity of the basic and acidic sites did not determine the
yield of DMC. It was observed that the total basicity and acidity of NiO/CeO2 is the same
as the CeO2; however, the yield of DMC obtained by CeO2 was higher. Also, the NH3-TPD
profiles of CoO/CeO2 exhibited the lowest intensity peak at lower temperature compared
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to CeO2, NiO/CeO2, CaO/CeO2 and CuO/CeO2. Nevertheless, the activity performance of
CoO/CeO2 showed higher DMC yield than the other mixed metal oxides. It can then be
concluded that the weak acidic sites do not correlate to the catalytic activity. The strongly
basic sites were caused by the introduction of Ca2+ into CeO2. However, a higher number
of strongly basic sites did not favor this reaction, which was confirmed with a previous
report [109]. Unnikrishnan and his group have reported that catalytic activity is highly
dependent on acid and base sites of medium strength at peak temperature range between
200-400 °C [73]. Moreover, Li et al. has found that formation of moderately acidic and
basic sites could enhance the catalytic performance [93]. Liu et al. also observed that the
amount of acid and base sites of weak and moderate strength are determined by the
adsorption of methanol and carbon dioxide [84]. Zhang et al. claimed that weakly acidic
and basic sites enhanced the DMC yield [76]. Other reports found that the total amount of
acidic and basic strength played an important role in catalytic activity [81][79][82].Because
of these discrepancies, it was concluded that there is no sufficient explanation that proved
the role of acidic and basic sites in catalytic activity.
Figure 4.7 shows the results of the catalytic performance test of CoO/CeO2 with
different loading concentration at the standard condition (140 °C, 30 bar, 3h). When the
loading of cobalt on cerium oxide increased to 20wt%, the yield of DMC decreased to 1.09
mmol. On the other hand, by decreasing the weight concentration of cobalt to 5%, the yield
of DMC was improved to 1.4 mmol. Moreover, the yield of DMC dramatically decreased
to 0.65 mmol over 1.25% CoO/CeO2. These results show that in the range of 2.5% to 10%,
DMC yield is not greatly affected by metal oxide loading, while a loading percent outside
of this range showed a decrease in DMC yield.
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Figure 4.5. DMC yield over different shape of ceria. Reaction conditions (140 °C, 30
bar, 3h); catalyst weight: 0.5 g

Figure 4.6. DMC yield over the ceria nanorods and ceria doped with NiO, CaO, CuO
and CoO. Reaction conditions (140 °C, 30 bar, 3h); catalyst weight: 0.5 g
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Figure 4.7. DMC yield over different loading of cobalt; Reaction conditions (140 °C, 30
bar, 3h); catalyst weight: 0.5 g

4.4. REUSABILITY TEST OVER CERIA NANOROD DOPED WITH METAL
OXIDE
The catalyst reusability analysis for various catalysis was investigated, and the
results are in Figure 4.8. The reusability experiments of 10wt% X-CeO2 (x= NiO, CuO,
CaO, and CoO) were performed at the same reaction conditions (P=30 bar, T= 140 °C, and
3h) for four consecutive cycles. The catalyst of each run was separated, washed, and
calcined for the next run. It seems that the catalyst activity of CeO2 and 10%CoO/CeO2
slowly decreased after each run. Figure 4.8 shows that 10% CaO/CeO2 showed a dramatic
drop in the second run, while the DMC yield over 10%CuO/CeO2 in the second run was
zero.
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Figure 4.8. Reusability test over the ceria nanorods and ceria doped with NiO, CaO, CuO
and CoO. Reaction conditions (140 °C, 30 bar, 3h); catalyst weight: 0.5 g
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5. CONCLUSION

Three different shapes of ceria (CeO2) nanostructures and series of mixed metal
oxide have been synthesized for the direct synthesis of DMC from CO2 and methanol. All
materials were characterized by XRD, NH3/CO2-TPD, XRF, FTIR and N2 physorption to
determine the crystal size and phases, acid-base properties, metal loading, and surface
properties. The results of XRD, XRF, and FTIR confirm the presence of metal oxide (NiO,
CaO, CuO, and CoO). When the nanorod shaped cerium oxide loaded with 10% transition
oxide metals, the surface area was dramatically decreased. It was observed that ceria
nanorods with (110) and (100) facets exhibited the highest DMC yield, performing better
than cubes (100) and octahedra (111). The CeO2 nanorod shaped catalyst produced the
highest DMC yield (1.6 mmol) among CoO/CeO2 (1.33 mmol), CaO/CeO2 (0.82 mmol),
NiO/CeO2 (1.0 mmol) and CuO/CeO2 (0.27 mmol). Also, the reusability experiments of
catalysts were conducted for four consecutive cycles. It was noted that the catalytic activity
of CeO2 and CoO/CeO2 is slowly decreased with after each run. Moreover, the catalytic
performance test of CoO/CeO2 at different loading were investigated. The results show that
in the range of 2.5% to 10%, DMC yield is not greatly affected by CoO loading, while a
loading percent outside of this range showed a decrease in DMC yield. NiO/CeO2 (1.0
mmol) and CeO2 (1.6 mmol) has almost the same amount of acid/base site (1.6 mmol),
showing that the catalytic test results do not correlate with acid/base density
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